Abstract
Introduction
Two groups of platelet proteins have been proposed as collagen receptors that can initiate platelet aggregation through collagen receptor interaction. One group, represented by members of the integrin family, in which the receptor contains heterodimers, includes glycoprotein Ia-IIa ( ␣ 2 ␤ 1) (1) and glycoprotein (GP) 1 IIb-IIIa ( ␣ IIb ␤ 3) (2) . The other group, composed of single chain or proteins with homodimers, includes a 65 kD protein described by our laboratory (3), a 85/90 kD protein (4), GP IV (5), and GP VI (6) . The functional relationship among these proteins is unknown, but different experimental approaches may have led to description of a large number of putative collagen receptors. For example, in the presence of Mg 2 ϩ , the adherence of platelets to collagen is mediated by platelet glycoprotein Ia-IIa (1), but in the absence of metal ions, platelets adhere to many nonintegrin proteins as described above. For the integrin platelet collagen receptor, the reactive site of the ligands is thought to reside in a tetra peptide sequence, Asp-Gly-Glu-Ala (DGEA) of type I collagen (7) or Arg-Gly-Asp-Ser (RGDS) of fibronectin (8) (9) (10) . The RGDS sequence has also been found in type I collagen, but it is cryptic in native collagen and exposed only on proteolytic degradation and denaturation (11) . The active binding site on integrins, however, has not been defined.
Previously, we have isolated and purified a receptor for type I collagen ( M r 65 kD) from isolated platelet membranes using collagen affinity column chromatography and preparative gel electrophoresis. Type I collagen-induced platelet aggregation was inhibited by preincubation of platelets with polyand monoclonal antibodies reactive to our receptor (12, 13) . The purified receptor does not react with either antifibronectin or anti-GP IIb/IIIa antibodies suggesting that the receptor is not a part of fibronectin or GPIIb/IIIa (12) . Using partial amino acid sequence data of a CNBr peptide of purified 65 kD receptor protein, recently we have cloned a cDNA strand that encodes the 65-kD receptor protein from a human bone marrow cDNA library. A recombinant protein was obtained from a prokaryotic expression vector. The recombinant protein binds to type I collagen and inhibits type I collagen-induced platelet aggregation and the release of ATP in a dose-dependent manner (14) .
In this investigation, we present evidence that a synthetic peptide of 18 amino acid residues (which we refer to as peptide-1) derived from the cloned receptor inhibits the type I collagen-induced platelet aggregation and the release of ATP in a dose-dependent manner. The peptide-1 also reacts with polyand monoclonal antibodies raised against the purified platelet 65-kD protein. The peptide does not react with platelet type III collagen receptor antibody. These antibodies previously were reported to specifically inhibit types I and III collageninduced platelet aggregation and the release of ATP, respectively (13, 15) . Radiolabeled peptide-1 specifically binds to type I collagen but not type III collagen. These results provide evidence that the 65-kD protein is involved in the interaction of platelets with type I collagen and that there are different platelet receptor sites of interaction for different types of collagen.
Methods

Preparation of platelet-rich plasma (PRP).
Human blood (nine parts) was collected from normal volunteers after an overnight fast in polypropylene tubes containing one part 3.8% sodium citrate. PRP was prepared by centrifuging the citrated blood at room temperature for 10 min at 226 g (16) . Whole blood and PRP were exposed to plas-tic surfaces or siliconized vessels only. Platelet counts of the PRP ranged from 200,000 to 300,000 per mm 3 . Platelet aggregometry. Platelet aggregation was studied by the turbidimetric method of Born (17) using a ChronoLog Lumi aggregometer (Chrono-log Corp. Havertown, PA).
Preparation of human platelet membranes. Platelet membranes were prepared according to the method developed by Barber and Jamieson (18) . Protein concentration in samples was determined by the method of Lowry et al. (19) .
Preparation of types I and III collagen. Collagen was prepared from human placenta according to Seyer et al. (20, 21) . The concentration of the collagen solutions was determined by amino acid analysis after 6 N HCl hydrolysis (22) .
Binding of [
125 I]peptide-1 to type I collagen-coated microtiter wells. Since peptide-1 contains two tyrosine residues in the sequence, we radiolabeled the peptide by iodination using the chloramine T method (23) . Microtiter wells were coated with type I collagen, type III collagen, or fibronectin, followed by 0.1% BSA as described previously (14) .
Assays for the binding of [ In some experiments, various amounts of other peptides were added to the mixture as specified in the text. After a specified period of incubation, wells were washed seven times with binding buffer, detached with 100 l (twice) of 2% SDS/10 mM EDTA, and the radioactivity in the combined solution was assessed with a gamma counter. Preliminary experiments indicated that 90.1% of the total bound radioactivity could be readily displaced by incubation with 100-fold molar excess of unlabeled peptide-1. The displaced counts were considered to be specific binding and the undisplaced counts were considered to be bound nonspecifically. C]serotonin (sp. act. 51.5 mCi/mmol) was added into PRP (20 ml) and incubated at room temperature for 30 min. At the end of the incubation, an equal volume of 20 mM Tris-HCl-130 mM NaCl-1 mM EDTA, pH 7.4 (Tris-EDTA) was added and centrifuged at 500 g for 10 min. The pellets were suspended in 20 ml Tris-EDTA and centrifuged again. The pellets were suspended in Tris-EDTA at a concentration of 400,000-600,000 platelets/mm 3 (16) . Adhesion of platelets to artificial matrix and denuded aorta segments. An aliquot (1 ml) of each test peptide (peptide-1 or control peptide) was put on artificial matrix (rat type I collagen)-coated petri dishes (60 mm, Collaborative Biomedical Products, Bedford, MA) and incubated at room temperature for 10 min. At the end of incubation, an aliquot of washed [ 14 C]labeled platelets was added to each petri dish and incubated for additional 10 min. These petri dishes were washed five times (2 ml each) with Tris-EDTA. The attached platelets were detached with 10 ml ScintiVerse BD (2 ml per time). Radioactivity was assessed with a Packard Scintillation counter (Packard, Downers Grove, IL) (14) .
For the adhesion of platelets to rabbit aortic segments, rabbit aorta were dissected from surrounding tissues with scissors, the endothelium denuded with rubber policeman, and cut into segments. Aortic segments (800 mg wet weight) were incubated with either peptide-1 or control peptide for 10 min. At the end of incubation, an aliquot of [ 14 C]labeled platelets was added to each sample and incubated for additional 10 min. The segments were washed with 12 ml (3 ml per time) Tris-EDTA buffer and the radioactivity was measured in a scintillation counter in the presence of 10 ml of ScintiVerse BD.
Enzyme-linked immunosorbent assay. Microtiter plates were coated with 0.15 ml of 0.05 M Na 2 CO 3 , pH 9.6, containing 10 g/ml of peptide-1, -2, -3, or platelet membranes (14) . The plate was incubated at 37 Њ C for 3 h and washed seven times with 0.15 M NaCl containing 0.05% Tween-20 (saline-Tween). Various dilutions of first antibody in 20 mM phosphate-130 mM NaCl-0.05% Tween 20, pH 7.4 (PBSTween) were added to each well and incubated at 37 Њ C for 3 h. Antibodies and inhibition reagents were incubated at 37 Њ C for 30 min before being put into washed wells. The plate was again washed seven times with saline-Tween, and 0.15 ml of peroxidase conjugated goat anti-rabbit or mouse IgG was added to each well. The plate was incubated at 37 Њ C for 2 h, washed with saline-Tween, and enzyme substrate (5-aminosalicyclic acid and H 2 O 2 ) was added. The absorbance was read at 450 nm.
Results
Peptide synthesis. We reasoned that the recognition site for type I collagen had to be located on the extra cellular domain of the 65-kD receptor protein. Therefore, we have analyzed the deduced amino acid sequence of the cloned type I collagen receptor for the hydrophilicity diagram (Hope-Wood; Fig. 1  A ) and for the domain structure (TopPred II; Fig. 1 B ) . From these analyses, we infer that the protein contains three transmembrane domains (residues 1-21, 35-55, and 213-233 for domains I, II, and III, respectively) with a short NH 2 -terminal end and an extracellular domain (residues 56-212). We have chosen to synthesize two regions (peptide-1 and peptide-2) from the extracellular domain and one from the intracellular domain (peptide-3) for further studies. These peptides correspond to the sequences shown as follows: peptide-1 (residue 84-101, 18 mer): Arg-Arg-Ala-Asn-Ala-Ala-Leu-Lys-Ala-GlyGlu-Leu-Tyr-Lys-Cys-Ile-Leu-Tyr; peptide-2 (residue 142-162, 21 mer): Trp-Glu-Ala-Lys-Val-Gly-Glu-Leu-Leu-Gln-Ala-ArgSer-Ser-Arg-Pro-Ala-Trp-Gln-His-Ser; and peptide-3 (residue 261-278, 18 mer): Lys-Leu-Leu-Arg-Arg-Leu-Lys-Gly-GluAsp-His-Leu-Ser-Pro-Gly-Val-Gln-Asp.
Effect of the peptides on types I and III collagen-induced platelet aggregation and the release of ATP. A synthetic peptide containing the recognition site of the receptor for type I collagen should be able to inhibit type I collagen-induced platelet aggregation. We, therefore, investigated the effect of the peptides on type I collagen-induced platelet aggregation and the release of ATP. In the first set of experiments, effects of preincubation of type I collagen with varying amounts of peptide-1 were tested. Preincubations were carried out in PBS for 15 minutes at 37 Њ C without the addition of 2-mM MgCl 2 . The results are shown in Fig. 2 A. Curve a represents PRP stimulated with buffer or peptide-1, -2, or -3 alone (negative control). Curve b represents PRP stimulated with 0.5 g of type I collagen (positive control). Curves c , d , e , and f show the effects of 10, 20, 30, and 40 g, respectively, of peptide-1 on type I collagen-induced platelet aggregation and the ATP release. As can be seen, 40 g of peptide-1 completely inhibits platelet aggregation induced by 0.5 g of type I collagen. The addition of 2-mM MgCl 2 to the incubation buffer had no effect on the peptide-1 inhibition of type I collagen-induced platelet aggregation (data not shown). Peptide-2 and -3 had no effect on type I collagen-induced platelet aggregation or the release of ATP (data not shown). In contrast, peptide-1 had no effect on type III collagen-induced platelet aggregation and ATP release (data not shown).
In the next set of experiments, we investigated the effects of preincubation of a fixed amount of peptide-1 (40 g) with varying amounts of type I collagen. As presented in Fig. 2 B , the inhibitory effect of 40 g of peptide-1 could be partially reversed by 1 g and completely by 2 g of type I collagen.
Again, the presence of 2 mM MgCl 2 in the incubation mixture had no effect on the inhibitory property of peptide-1. Taken together, these data demonstrate that the inhibitory effect of peptide-1 is specific for type I collagen-mediated platelet aggregation and that the inhibition is mediated through the peptide interaction with type I collagen.
In order to further test this idea, we next studied the effect of peptide-1 on platelet aggregation mediated by other noncollagenous agonists. Various amounts of peptide-1 ranging up to 40 g were used to test their effect on thrombin-and ADPinduced platelet aggregation. No significant effect could be appreciated for thrombin-and ADP-induced platelet aggregation (data not shown), further supporting the idea that peptide-1 effect on type I collagen-induced aggregation is mediated through its interaction with type I collagen. Figure. 1. Hydrophilicity and structural analyses of the cloned platelet receptor for type I collagen. The deduced amino acid sequence of the cloned platelet receptor for type I collagen was analyzed with a computer program for hydrophilicity (Hope-Wood, A) and for the domain structure (TopPred II, B) . Membrane spanning segments are residues 1-21, 35-55, and 213-233 for domains I, II, and III, respectively and indicated by ϭ in A. The location of peptide-1, -2, and -3 is also indicated in A. The NH 2 -terminal end is located on outside. Figure. 2. Effects of synthetic peptide-1 on type I collagen-induced platelet aggregation and the release of ATP. In A, a fixed amount of type I collagen (0.5 g) was incubated with 0 (curve b), 10 g (curve c), 20 g (curve d), 30 g (curve e), or 40 g (curve f) of peptide-1 in PBS for 15 min at 37ЊC before addition to PRP. The addition of 2 mM MgCl 2 to the incubation mixture had no effect. Curve a represents buffer control. A standard solution (1 M ATP) was added at the end of curve a (↑) to calibrate luminescence. Addition of peptide-1, -2, or -3 alone gave an identical result as buffer control. In B, a fixed amount of peptide-1 (40 g) was preincubated with various amounts of type I collagen: 0.5 g (curve c), 1 g (curve d), and 2.0 g (curve e) in PBS for 15 min at 37ЊC before adding PRP. Platelet aggregometry was performed with a ChronoLog aggregometer. ATP release was monitored by luciferase method. figure (x-axis) . At the end of incubation, each well was washed seven times with 150 l of 50 mM phosphate buffer, pH 7.4. The radioactivity bound to each well was detached with 100 l 2% SDS followed by 100 l ScintiVerse BD (twice). Radioactivity in the combined washes was assessed by a gamma counter. Data are expressed as average of duplicate experiment.
Binding of [ 125 I]peptide-1 to type I collagen-coated microtiter wells.
In order to investigate whether peptide-1 can directly bind to type I collagen, we have iodinated peptide-1 and used it in a binding assay. As shown in Fig. 3 (Fig. 4) . The dissociation constant ( K d ϭ 10 nM) of the binding was determined by Scatchard analysis (Fig. 4, inset) (24) .
Reactivity of the synthetic peptides with anti-65 kD antibodies. Next, we investigated whether these synthetic peptides (peptide-1, -2, and -3) could be recognized by polyclonal and monoclonal antibodies raised against the purified platelet type I collagen receptor (M r 65 kD) and polyclonal anti-type III collagen receptor (M r 47 kD) using an ELISA (Fig. 5) . We have shown previously that polyclonal and monoclonal anti-65 kD antibodies used in this study inhibit specifically type I collagen-induced platelet aggregation and the release reaction (12, 13) and that anti-47 kD antibodies inhibit specifically type III collagen-induced platelet aggregation and the release of ATP (15) . All three peptides were recognized by the polyclonal anti-65 kD antibodies to a varying degree. However, only peptide-1 reacted with the monoclonal anti-65 kD antibodies. There was no reactivity between peptide-1, peptide-2, and peptide-3, and the anti-47 kD polyclonal antibodies. These results further suggest that there are different reactive sites on human platelets for interaction with type I and type III collagens.
Effect of the synthetic peptides on the binding of purified anti-65 kD IgG to intact platelets.
We have used flow cytometry to determine if the synthetic peptides can inhibit the binding of monoclonal anti-65 kD IgG to washed intact platelets. Result shows a shift in the log fluorescence intensity to the right when platelets are incubated with anti-65 kD IgG compared to buffer control. Peptide-1, but not peptide-2 or peptide-3, inhibits the binding of anti-65 kD IgG to platelets (data not shown).
Adhesion of platelets to artificial matrix. We have used type I collagen artificial matrix-coated dishes to test the effect of these peptides on the adhesion of platelets (Fig. 6) . The inhibitory effect was seen with peptide-1 and shown to be dosedependent. It reaches the maximum inhibition at a dose of 60 g. There is no significant inhibitory effect by either peptide-2 or peptide-3. The addition of 2-M PGE 2 or 100-M RGDS has no effect on the adherence of labeled platelets to type I collagen in this assay system. The decreases in the adhesion of platelets to collagen is not caused by the release of labeled [ lets to type I collagen matrix (Table I ). At one dose tested, peptide-1 (80% inhibition) as well as polyclonal (80%) and monoclonal antibodies (60%) inhibit the adhesion of platelets on the artificial type I collagen-coated dishes.
We have also studied the effect of the peptide-1, peptide-2, and peptide-3 on the adhesion of platelets to rabbit aortic segments. Peptide-1, but not peptide-2 or peptide-3, inhibits the adhesion of platelets to aortic segments in a dose-dependent manner (Fig. 7) . At the highest dose of the peptide-1, ‫ف‬ 50% of labeled platelets is not inhibited by the peptide-1. The inhibitory effect of the peptide-1 reached the maximal level at 160 g/ml. There is no inhibitory effect on platelet adhesion to aortic segments by peptide-2 or peptide-3.
Discussion
Recently, we have reported that platelet type I collagen receptor (65 kD), a nonintegrin platelet protein was cloned from human bone marrow cDNA library. The cloned cDNA was expressed in a prokaryotic expression system and the expressed recombinant protein was purified. The purified recombinant protein inhibits type I collagen but not type III collagen-induced platelet aggregation in a dose-dependent manner (14) . The amino acid sequence was deduced from the nucleotide sequence. Based on computer analyses for hydrophilicity and domain structures, we have synthesized three peptides for investigation as a potential recognition site for type I collagen. Two of the peptides, peptide-1 and peptide-2, are from the extracellular domain, and peptide-3 is from a cytoplasmic domain. Peptide-1 inhibited type I collagen-induced platelet aggregation and the release of ATP. Peptide-2 and peptide-3 had no effect. [ 125 I]labeled peptide-1 bound to type I collagen in a time-and concentration-dependent manner with K d of 10 nM. The binding could be displaced with nonlabeled peptide-1 (100-fold excess) suggesting that the binding is specific. In an ELISA system, peptide-1 was shown to be reactive with monoclonal anti-65 kD antibody. Lastly, peptide-1 could inhibit binding of monoclonal anti-65 kD antibody to intact platelets as assayed by flow cytometry. In contrast, radiolabeled peptide-1 did not bind to type III collagen. Nor did the peptide inhibit type III collagen-induced platelet aggregation and the release of ATP. In addition, peptide-1 is not recognized by type III collagen receptor antibody (anti-47 kD polyclonal antibody). Together, these results support the idea that peptide-1 encompasses recognition site of the 65-kD receptor for type I collagen.
The inhibitory effect of peptide-1 on type I collagen-induced platelet aggregation did not result from nonspecific toxicity of the peptide. We have tested the viability of platelets in response to 4-M ADP with the highest amount of peptide-1 used in the aggregation studies. ADP-and thrombin-induced platelet aggregation is not affected by peptide-1. Peptide-2 or peptide-3 also did not inhibit ADP-and thrombin-induced platelet aggregation. In addition, none of these peptides inhibited type III collagen-induced platelet aggregation. It is unlikely that the ability of peptide-1 to inhibit type I collageninduced platelet aggregation is due to peptide toxicity.
Peptide-1 inhibits the adhesion of platelets to type I collagen-coated petri dish by 90% (Fig. 6) . However, the adhesion of platelets to rabbit aortic segments was inhibited by only 50% (Fig. 7) . The reason for the discrepancy may be ascribable to the presence of other types of collagen, especially type III collagen, in aortic segments to which platelets can adhere. We have shown previously that the receptors for types I and III collagen are different (15) .
A tetra peptide, DGEA, derived from type I collagen, ␣1-CB3 has been isolated and showed to be an inhibitor of collagen-platelet interaction (25) . The peptide requires 5 mM to completely inhibit platelet adhesion to collagen. Its derivative, (GPHyPro)5-GADGEA (GPHyPro)5 is 10-30-fold more active than DGEA (26) . In contrast, our peptide-1 completely inhibits type I collagen-induced platelet aggregation at 20-40 M. Peptide-1 is not an inhibitor for ADP-, type III collagen-, or thrombin-induced platelet aggregation suggesting that it is a specific inhibitor for type I collagen-platelet interaction.
In conclusion, the results from this investigation suggest that peptide-1 is the active binding site on platelet receptor for type I collagen to interact with type I collagen based on the following observations: first, peptide-1 binds to type I collagen specifically; second, peptide-1 inhibits type I collagen-induced platelet aggregation; third, peptide-1 blocks the anti-65 kD antibody to interact with its receptor; and finally, peptide-1 inhibits the adhesion of platelets to type I collagen matrix and aortic segments.
